Opisthorchiasis is a major public health problem in
Food-borne trematodiases are an emerging but neglected public health issue (12) . One of the food-borne trematodes, the liver fluke Opisthorchis viverrini is endemic in Cambodia, Lao People's Democratic Republic (PDR), Thailand and Viet Nam (8) . It has been estimated that the number of infections caused by O. viverrini amounts to 9 million cases, and more than 67 million people are at risk of infection (11) . Chronic O. viverrini infection is an important risk factor (class 1 carcinogen) for developing cholangiocarcinoma, or biliary duct cancer, which is associated with a poor prognosis (17, (24) (25) (26) .
O. viverrini infection often coexists with other food-borne trematodes, including several species of flukes called the minute intestinal flukes (MIF) owing to their small size (families Heterophyidae and Lecithodendriidae). In recent studies in Lao PDR (2, 4, 23) , different species of MIF were detected after purging individuals infected with O. viverrini. Of these MIF, Haplorchis taichui was the predominant species in concurrent infection with O. viverrini. The coexistence of O. viverrini with H. taichui infections has been described previously (7, 21, 29) .
Fecal examination under light microscopy is currently the standard method to diagnose O. viverrini infections. The KatoKatz technique (KK) (10) is the recommended field method (34) . This technique permits estimation of infection intensity expressed in eggs per gram feces (epg). Unfortunately, a single stool examination read under light microscopy has low sensitivity (24) , particularly for low-intensity infections, and examination of repeated specimens per individual may be needed to improve detection rates. Furthermore, KK does not permit the differentiation of O. viverrini eggs from MIF eggs such as those of H. taichui, because the eggs are similar in size and are both oval and operculated (30) . Detection by light microscopy is also operator dependent, and infection may simply be missed. When screening for O. viverrini by KK under light microscopy, identified eggs can be characterized only as "Opisthorchis-like" (21, 29) . Distinction of O. viverrini eggs from MIF eggs can be achieved if the specimen is preserved and examined by the formalin-ether concentration technique (FECT) and if the eggs are later stained with iodine (9) , potassium permanganate (28) , or methylene blue (20) . One method of confirming O. viverrini infections in the presence or absence of MIF with certainty is by identification of adult flukes, which may be obtained by treating infected individuals with praziquantel, the current drug of choice, offering them bowel purging with an oral laxative and then examining their diarrhetic stools.
As an alternative to microscopy and its limitation of potential diagnostic misclassification, molecular methods have recently been developed. A PCR method for the detection of O.
viverrini eggs in human stool specimens was developed (37) and then evaluated as a diagnostic tool with human stool samples collected in Lao PDR (27) . A rapid cleanup procedure for human stool samples was developed using inexpensive chemicals (19) . This test recognizes all opisthorchiids by a single assay and differentiates them from MIF. Most recently, PCR tests were developed to discriminate between O. viverrini, H. taichui, and another food-borne trematode, Clonorchis sinensis (22, 31, 32) . Some studies using PCR tests on human stool samples were validated with light microscopy (27, 32, 33) . A more accurate method such as the identification of adult flukes would be valuable to validate PCR tests.
In this paper, we present the development of PCR diagnostic tests using sensitive and specific primers to differentiate O. viverrini from H. taichui with PCR tests validated by stool samples from purged individuals. We then used these PCR methods as the gold standard to estimate the infection prevalences of O. viverrini and H. taichui in a random sample drawn from a cross-sectional community survey in Khong District, Lao PDR. Finally, we compared the results of our PCR method with those from two parasitological diagnostic tests, the KK and FECT.
MATERIALS AND METHODS
Laboratory procedures to develop the PCR tests. (i) DNA extraction from stool samples. Total genomic DNA was extracted from stool using the commercial QIAamp DNA stool mini kit (Qiagen, Basel, Switzerland) according to the manufacturer's instructions or with modifications specified below. For each stool sample, 1.4 ml of a lysis solution (ASL buffer [Qiagen] ) was added to 180 to 240 mg feces. After homogenization, the suspension was heated at 95°C for 4 min and then frozen in dry ice for 8 min. The freeze-thaw cycle was repeated twice before incubation at 95°C for 10 min. The contents were then mixed by pulse-vortexing for 15 s and centrifuged at 14,000 rpm for 1 min to pellet stool particles. A 1.2-ml portion of the supernatant was incubated with one InihbitEX tablet (Qiagen) and processed according to the manufacturer's instructions. The final filtrate containing the eluted DNA was stored at 4°C, or at Ϫ20°C for long-term storage, of which 5 l DNA template was used in the PCR amplification.
(ii) Test for PCR inhibitors. Samples that were negative after O. viverrini PCR amplification were tested for inhibitors. Samples were artificially inoculated with 0.15 pg of O. viverrini genomic DNA, and the PCR test was repeated. For samples not showing PCR inhibition, PCR was repeated using 10 l template. Samples showing inhibition were subjected to a second DNA purification by applying a DNA extraction protocol, similar to that described above, but with the following modifications: 120 l of ASL buffer and 20 l of 2% polyvinylpolypyrolidone were added to 100 l of extracted DNA, and the mixture was incubated for 5 min at 70°C and added to 15 l proteinase K. The remaining steps were identical, with the exception that 100 l AE buffer was added instead of 200 l. Five microliters was used as the template in the PCR test.
(iii) Primer design and PCR amplification. A nested PCR (nPCR) protocol was developed to optimize sensitivity. Specific primers for primary PCR (pPCR) and nPCR were designed from mitochondrial DNA sequences available in GenBank (release 161.0) for O. viverrini (GenBank accession number DQ119551) and from a mitochondrial cytochrome c oxidase subunit I gene for H. taichui (GenBank accession number EF055885). The forward and reverse primers designed for O. viverrini were 5Ј-AGGATGTGAGCTTTGGGAGTTCGT-3Ј and 5Ј-ACCCAA CAGCCAGGATACAAAGGA-3Ј, respectively, for the pPCR and 5Ј-TTGTG GGATTAAGTCTCCGTCGGT-3Ј and 5Ј-TCCTCTTACCCAAGAACGAAA CCC-3Ј, respectively, for the nPCR. The sizes of the pPCR and nPCR products were 508 bp and 226 bp, respectively. The forward and reverse primers designed for H. taichui were 5Ј-GGGGGTTTAGTTCTTGCTATGTTTTC-3Ј and 5Ј-CT TGTTTGGTTATGGGGGTTTAGTTC-3Ј, respectively, for the pPCR and 5Ј-GACAATAAAACCCAATATCCACCAC-3Ј and 5Ј-GCCCCGACTTCCCGC CAA-3Ј, respectively, for the nPCR. The sizes of the pPCR and nPCR products were 245 bp and 186 bp, respectively.
PCR identifications of O. viverrini and H. taichui were performed separately. PCR tests were carried out in a final volume of 50 l containing 5 l 10ϫ buffer, 200 M deoxynucleoside triphosphates, 1.5 mM MgCl 2 , 0.3 l Taq polymerase, and 0.25 mM of primer for each species. For nPCR, 2 l of primary product was used. PCRs were performed in a DNA thermal cycler (Eppendorf Mastercycler gradient thermocycler) with initial denaturation at 94°C for 5 min, followed by 30 cycles of denaturation at 94°C for 30 s, annealing at 56°C (O. viverrini) or 53°C (H. taichui) for 1 min, and extension at 72°C for 1 min and a final elongation at 72°C for 7 min. The nPCR products were detected on 1.5% (O. viverrini) and 3% (H. taichui) agarose gels stained with ethidium bromide by UV light using a white/UV transilluminator (Alpha Innotech).
(iv) Positive controls. For positive controls, O. viverrini DNA was extracted by the usual phenol-chloroform protocol from adult worms obtained from O. viverrini-infected hamsters in our laboratories. H. taichui DNA was extracted from adult worms collected during previous purging studies in Saravane province, Lao PDR. For H. taichui DNA extraction, the protocol for DNA extraction from stool samples was used, with the exception that no InhibitEX tablet was added. DNA concentrations were estimated by spectrophotometry (ND-1000 spectrophotometer).
(v) Sensitivity and specificity of the primers. Serial dilutions of O. viverrini and H. taichui DNAs from adults were prepared from 150 ng/l to 1.5 ϫ 10 Ϫ6 ng/l for O. viverrini and from 132 ng/l to 1.32 ϫ 10 Ϫ2 ng/l for H. taichui. Five microliters from each dilution was used to measure the sensitivity of PCR detection. The detection limit was determined as the last of the serial dilutions that consistently resulted in a PCR product.
To assess primers specificity, O. viverrini and H. taichui primers were used together with human DNA and with total genomic DNAs of the following helminth species, which were sequentially tested: H. taichui or O. viverrini, Schistosoma japonicum, Necator americanus, Ancylostoma duodenale, Strongyloides stercoralis, Trichuris trichiura, Ascaris lumbricoides, and Strongyloides ratti. Adult worms were obtained from our collaborators and from infected rodents in our laboratories.
(vi) Validation of the PCR tests. The PCR tests were validated using 80 frozen stool samples available from previous studies conducted in 2005 to 2006 in rural villages in areas of endemicity in Lao PDR (23) . Briefly, in those studies stool samples were collected on three consecutive days from patients aged Ն15 years, and a single KK was performed on each stool specimen. Opisthorchis-like egg intensity was expressed in epg, and O. viverrini-positive individuals were grouped into three categories, i.e., light infections (1 to 999 epg), moderate infections (1,000 to 9,999 epg), and heavy infections (Ն10,000 epg), as described by Maleewong et al. (15) . Eighty adults harboring Opisthorchis-like eggs in their stools, as diagnosed by KK (19 heavy, 57 moderate, and 4 light infections), were nonrandomly selected. All patients were treated with a single dose of oral praziquantel (40 mg/kg), and their stools were collected following an oral purgative (sodium phosphate). Morphological identification of adult worms in the purged stools showed that all 80 individuals had O. viverrini infections, of whom 61 (76%) had confirmed mixed infections with H. taichui.
Estimating the prevalence of O. viverrini and H. taichui infection by PCR, KK, and FECT in a cross-sectional community study, Khong District, Lao PDR. Following validation, we applied the above-described PCR tests on 114 frozen stool specimens, corresponding to a 10% random sample of specimens collected in a cross-sectional, community-based survey that we conducted in March 2007 in Long Song and Hang Long, two neighboring villages in an area of endemicity and having an estimated total population of 1,095 villagers, on Don Long island, Khong District, Champasack Province, southern Lao PDR (coordinates 14°02Ј34ЉN, 105°47Ј58ЉE [Google Earth 4.3.7284 beta version]) (Fig. 1) . A sample of the first stool specimen of each participant was frozen, kept in a 2-ml cryotube, and transported to the laboratory facilities in Switzerland with the cold chain maintained. Samples were kept at Ϫ20°C for long-term storage for PCR analysis.
In order to compare the performance of our PCR tests with that of frequently used parasitological diagnostic methods, the KK and FECT were also performed in the Khong community study. For the 114 participants, one KK thick smear was performed from each of three stool specimens during the field survey. FECT and PCR were performed on samples taken from the first fecal specimen. The KK was performed in accordance with the kit instructions (Vestergaard Frandsen, Lausanne, Switzerland). KK slides were read under light microscopy within 1 h following slide preparation. Opisthorchis-like eggs intensities were expressed in epg and grouped into light, moderate, and heavy infections as described by Maleewong et al. (15) . For the FECT, 0.3 g of stool of the first specimen was fixed in 10 ml sodium acetate-acetic acid-formalin solution and centrifuged, and the concentration was reviewed under light microscopy for egg counts (the method is fully described by Marti and Escher (16) . For PCR analysis, samples were processed as described above.
Statistical analyses. 
RESULTS

Laboratory procedures to develop the PCR tests. (i)
Sensitivity of O. viverrini and H. taichui primers. Amplification of DNA from adult worms by the outer primer sets (pPCR) and the inner primer sets (nPCR) yielded products of the expected sizes for O. viverrini (508 bp and 226 bp, respectively) ( Fig. 2A and B) and H. taichui (245 bp and 186 bp, respectively) (Fig. 3) . Primary primers specific to O. viverrini detected as little as 7.5 pg DNA (Fig. 2A) . Nested primers specific to O. viverrini and H. taichui consistently detected levels as low as 0.75 pg DNA (Fig. 2B ) and 1.32 ng DNA (Fig. 3) , respectively.
( were finally removed due to persistent inhibition (5.3%) (Fig.  4) . A second purification and increased amounts of DNA template allowed detection of an additional 14 positive samples, for a total of 69/108. Figure 4 summarizes the number of individuals available for analyses. Table 3 summarizes the diagnostic performances of 3 KK, 1 KK, and FECT in comparison with PCR as the gold standard.
(ii) 3 KK. Analyses were restricted to the samples from the 91/108 villagers who provided three stool specimens (3 KK) and for whom PCR testing could be performed. As shown in Table 3 To our knowledge, this is the first study to validate O. viverrini PCR and H. taichui PCR sensitivity by testing stool samples obtained by purging infected individuals and then to apply these PCR tests in combination with two coprological diagnostic tests to estimate infection prevalence in a 10% random sample of stool specimens from a community in an area of endemicity in a cross-sectional field survey. This approach facilitated a comparison of the PCR results with light microscopy and provided precise estimates of O. viverrini and H. taichui community prevalence in field settings. Other O. viverrini PCR tests have been evaluated using artificially inoculated feces without comparing the sensitivity with another method (19, 36, 37) , while other studies used O. viverrini DNA extracted directly from the eggs (14, 31) . Stool samples from infected individuals have been used previously, but the PCR tests were validated with FECT microscopy (27, 33) . Some PCR tests discriminating O. viverrini from H. taichui were also previously developed, but their sensitivity and specificity were not compared with those of another diagnostic method (31) or were validated only with light microscopy (22, 32) .
The primers in the O. viverrini PCR and H. taichui PCR tests developed in this study did not cross-react with DNAs from several other helminths that commonly cause coinfections in settings of endemicity, showing high specificity for O. viverrini and H. taichui. O. viverrini primers were able to detect as little as 0.75 pg of DNA and H. taichui primers as little as 1.32 ng of DNA. These levels of detection are in a range comparable with those for other PCR tests (14, 31, 32, 36, 37) .
It is well-known that feces contain various substances that strongly inhibit amplification by PCR (35) . Our study showed the importance of a second DNA purification step to decrease inhibition rates. An inhibitory control is ideally performed for each sample in order to avoid false-negative results. Adding more template may also increase DNA inhibition, and the volume should not be maximized in general. The inhibitory control could be performed systematically on all samples or, alternatively, could be performed only on an initially negative sample. Systematic inhibitory controls should be performed when prevalence is low and most results by PCR are expected to be negative. In our study, a second purification and use of an increased amount of template led to an increase in sensitivity of the O. viverrini PCR from 81.3% to 93.7%. Duenngai et al. a sensitivity of 79.3%, representing an improvement from their previous study using the commercial stool kit method, where the sensitivity was only 44.8% (27) . In the present study, purging results were used to validate the molecular tests in order to avoid inclusion of false-positive cases. The infections detected by purging but not by PCR may be explained by the facts that eggs are shed irregularly in feces and that PCR was tested on a single stool specimen. We found a much higher O. viverrini PCR sensitivity than Stensvold et al. (27) (45%) , who validated their test by FECT on samples with high egg counts (Ͼ1,000 epg). The low sensitivity of their O. viverrini PCR test may possibly be explained by false positives from FECT due to misclassification of some eggs as O. viverrini.
The relatively low H. taichui PCR specificity obtained when validated with stools from purged infected individuals may be a result of false-negative purging results. Indeed, H. taichui adult collection after purging is challenging due to the worm's size of less than 0.5 mm (6) . Adult MIF may be missed in the purged stools, particularly when infection intensities are low. This raises the question of whether purging is the most appropriate in vivo method to validate a PCR-based test for MIF. A better validation for H. taichui PCR may be to use stools artificially inoculated with H. taichui eggs (31) .
We found high and moderate PCR-estimated prevalences of O. viverrini and H. taichui in Khong communities along the Mekong River, which contrasts with infection rates found by purging by Radomyos et al. (21) (2, 23) .
Because we had selected a random sample of stool specimens from about 10% of the population in our Khong community study, we could compare actual prevalence estimates of infections determined by the different diagnostic methods under field conditions. The kappa statistical tests indicated that the level of agreement between PCR and 3 KK, 1 KK, or FECT results was only moderate (Table 3) .
Examination of three specimens (one thick smear per stool specimen) increased KK sensitivity, stressing the importance of testing consecutive stool specimens. However, we found a substantial number of false-positive O. viverrini infections by 3KK, compared with the number of true positives by PCR as the gold standard. Thus, whereas 1 KK will likely underestimate prevalence, 3 KK may overestimate it in areas where both O. viverrini infection and MIF infection are endemic. 3 KK is a preferable method for field studies, rather than 1 KK, when sensitivity is emphasized over specificity and detection of lowintensity infections is important.
In this study, one FECT yielded a higher specificity to detect O. viverrini infections than 1 KK or 3 KK, while FECT sensitivity was considerably lower than that of 1 KK or 3 KK. Detection of MIF infections by FECT was considerably lower. Based on these findings, FECT should be repeated on multiple stool samples and would not be the recommended method in field studies, where the aim is to determine infection prevalence in communities in areas of endemicity and where methods with efficient and maximal sensitivity are required (23, 24) .
O. viverrini and H. taichui diagnoses by PCR present several advantages compared with microscopic methods. First, PCR has fairly high sensitivity with the first stool specimen. Second, PCR tests avoid visual diagnoses and potential misclassification of O. viverrini with MIF. This avoids having to collect several stool specimens on consecutive days to achieve a comparable and reasonable sensitivity, as required by the KK method or FECT. Third, PCR may be a preferred sensitive method to diagnose symptomatic returning travelers or immigrants to countries where the infections are not endemic, where PCR technicians and resources may be more readily available than microscopists with regular experience in screening stools for trematode eggs. However, the requirements for molecular diagnostic methods also present some constraints. In addition to cost and technician skills, PCR also requires laboratory facilities which are unlikely to be available in many rural underdeveloped settings. If appropriate laboratory facilities are not proximal, the stool specimens require immediate freezing and cold-chain maintenance during transport, adding to feasibility issues.
Praziquantel, an effective and broad-spectrum trematocidal agent, is used in community-based deworming programs in Southeast Asia to reduce the burden of food-borne trematodiases and (of particular concern in areas of endemicity, including Lao PDR) to reduce schistosomiasis mekongi (18) . A sensitive diagnostic tool is needed to screen communities following repeated rounds of chemotherapy, when the overall infection intensity has decreased. Assessment of prevalence after treatment by microscopic methods may underestimate the infection rate and overestimate the cure rate. A sensitive test is also important to monitor for emerging drug resistance and in efficacy trials comparing different anthelmintic drugs or regimens. Finally, as highlighted for schistosomiasis, low-intensity infection in low-transmission areas may be responsible for persistence of transmission of the disease, hamper its eradication (1) , and continue to cause chronic diseases.
Distinguishing O. viverrini infections from MIF infections has important research implications. Identifying the infective species can improve our knowledge of clinical manifestations of these chronic infections in regions of endemicity. Clinical manifestations of opisthorchiasis can vary from asymptomatic carriage or nonspecific abdominal complaints to serious biliary tract disease. The clinical symptoms due to infections from H. taichui and other heterophyids are generally mild and transient (3) . Infections with lecithodendriids are not known to produce significant clinical disease in humans (13) , but clinical information is sparse. Hence, MIF infections, such as H. taichui infection, are not considered to have a serious public health impact, whereas O. viverrini chronic infection is known to be an important risk factor for developing cholangiocarcinoma. PCR is a useful tool in distinguishing these species and establishing their geographical distributions.
In conclusion, this study has shown that PCR is a valuable tool offering reasonable sensitivity to diagnose O. viverrini and H. taichui infections from a single stool specimen. PCR testing may be of particular interest for detecting low-intensity infections and monitoring low-transmission areas. Its use may be limited by cost and technical requirements.
